Abstract
incremental gains, as there is always a tradeoff between reactivity and stability, where increased 1 absorption kinetics is generally associated with higher regeneration energy and reboiler duty.
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2
In addition, the emission of amine degradation products, [24] [25] particularly carcinogenic 3 nitrosamines from secondary amine solvents, 26 rises concerns over the use of some potentially 4 effective absorption solvents. Absorption catalyst development has also been plagued with process 5 difficulties, and the most widely studied (1) carbonic anhydrase (CA), and (2) the CA mimic,
6
[Zn(cyclen)(H2O)](ClO4)2, are ineffective under CCS conditions. 27, 22
7
Recent work has led to the first reported examples of homogenous CO2 hydration catalysts that 8 allowed for mass transfer enhancement in kinetically-fast primary amine solvents. [27] [28] [29] These 9 catalysts incorporate electron donating ligand environments and ionic secondary coordination 10 sphere groups to increase solubility in aqueous solutions, promote CO2 hydration, and facilitate 11 bicarbonate dissociation away from the metal center. Previous reports have detailed the synthesis, 12 characterization, and preliminary laboratory testing of these catalysts under conditions conducive 13 to carbon capture processes, i.e. low CO2 concentration (0.14 atm), and high amine concentration
14
(5 M). These previously reported complexes were shown to be stable toward the high temperatures surface elasticity data were acquired at 22 °C on a Biolin Scientific Optical Tensiometer, using 4 Oneattension software. The viscosity of the solutions were determined by using the Brookfield 5 DVI viscometer. Catalyst loading of 2.3 g/L is used based on previously reported studies.
28-29
6
Foaming volume measurements were conducted in a 100 mL graduated cylinder, with 10 mL of 7 solvent, under study. Simulated flue gas (14% CO2 with balance N2) gas was purged through a gas in the saturator and bubbled through a 30 wt% MEA solution in the bubbler (1L/min). The gas 10 effluent is dried over drierite and analyzed for CO2 concentration (vol%) using a CO2 analyzer
11
(VIA-510, HORIBA, 0.5% precision). Data of CO2 outlet concentration with respect to time is 12 continuously recorded with 1 second interval using an in-house Labview program.
13
The difference of inlet and outlet CO2 concentration represents the absorbed amount of CO2 at a where Cin is the CO2 feed gas rate in mol/s, Cout is the CO2 effluent rate in mol/s, t is time in second, 1 and msol is the mass of solution in kg.
2
In addition, the absorption rate can be described by the derivate of CO2 loading with respect to 3 time is given by equation (2) were collected during the process for carbon loading, viscosity, density, and pH measurements.
5
The above procedure was repeated for different carbon loadings.
6
The overall mass transfer coefficient at the operating condition can be calculated from equation
in which NCO2 is the flux of CO2, KG is the overall mass transfer coefficient, ∆PCO2 is the log mean 
in which DCO2 is the diffusivity of CO2 in amine solution or water, and η is the viscosity of amine 13 solution or water.
14 The flux is calculated by the CO2 concentration difference at the inlet and outlet of the wetted wall 
As the feed gas is saturated with water in the saturator, the partial pressure of water can be written 8 as its saturation pressure at the temperature T from equation (8) .
The equilibrium partial pressure of CO2, P Figure 4 . The linearity of the two indicates a pseudo first order approximation. aliquot of the stock solution was treated with 1000 ppm NaNO2 (0.250 g of NaNO2) for 24 hours 5 followed by evaluation in the pH-drop apparatus for the above method. This method was repeated 6 for treatments with 1000 ppm NaNO3, Na2SO4, and combination of the three for a total 7 concentration of 3000 ppm NOx and SOx derived salts. Gaseous NOx contaminants were generated 8 in-situ and bubbled through a 25 mL aliquot of the stock solution containing 1 for 30 min prior to 9 evaluation via the pH-drop apparatus. For the generation of NOx gas, a 100 mL two-necked round 10 bottom flask was charged with solid NaNO2 (2.25 g, 33 mmol) and a magnetic stir bar. One neck 11 was sealed with a rubber septum, and the other was fitted with a glass adapter containing a hose The measurements of CO2 absorption efficiency and rich solution regeneration energy requirement 3 at various conditions were performed during the bench-scale parametric study. The CO2 absorption 4 efficiency is related to the gas inlet and outlet CO2 flow rates by equation (9) was measured by an Horiba CO2 analyzer, which was calibrated 10 before each test. The inlet N2 flow rate, 2 was obtained from the MFC.
11
The rich CO2 solution regeneration energy is calculated from the reboiler heat duty assuming an 12 adiabatic system by equation (11) reasons it was imperative to determine the effect of 1 on the solvent physical properties, if notable.
8
The viscosity, surface tension, and elasticity of the carbon capture solutions were measured at there is a sharp increase in elasticity upon the addition of 1 to MEA (Figure 7c ). This increase in 16 surface elasticity is accompanied by the presence of solvent foaming when simulated flue gas is 17 bubbled into solutions of MEA + 1 (Figure 7d) , which is also observed in pH drop and was used as a quick screening process. 27 The activity of 1 and its propensity to improve overall 8 mass transfer was evaluated by bubbling simulated flue gas (14% CO2 / N2 balanced) into solutions 9 of 5 M MEA and A2P/AMP containing 1, and compared to the reference amine solutions. As the 10 acid gas (CO2) is absorbed into an amine solvent, there is a decrease in the pH of the solution as 11 protons are released to balance carbamate/bicarbonate formation. Therefore, in pH drop 12 experiments a more negative slope is a qualitative indication of a more rapid absorption of CO2 by 13 the solvent under the same setup and operating conditions. As shown in Figure 8 , a significant 1 enhancement in CO2 absorption is observed upon the addition of 1 to both solvents, as indicated 2 by the increased slope of the pH drop curve (Figure 8a ) (e.g. increased rate of CO2 absorption, is well known to be a kinetically fast solvent, while A2P/AMP is formulated to be kinetically 6 slower with lower solvent regeneration energy and higher thermal stability. These preliminary pH solutions. In the breakthrough experiment there is extensive mixing between the gas bubbles and 2 the liquid, and therefore diffusion resistance in the gaseous layer and bulk liquid is lowered to 3 allow for observation of the kinetics from the reaction resistance. The breakthrough data in Figure   4 9a shows an increase in CO2 removal rate (relative to the solvent baseline), over the entire 5 absorption range, upon the addition of 1 to both 5 M MEA and A2P/AMP solvents. However,
6
foaming of the MEA + 1 solution is again observed at higher loadings ( > 0.3). to MEA (blue) and A2P/AMP (red) capture solvents.
12
In a typical absorber column, absorption kinetics are faster at the top of the column where the (55 % at α = 0.5), while the faster MEA solvent shows a 33% enhancement at α = 0.5. The 10 increased enhancement at higher loadings is a good indication that 1 is preforming as designed,
11
catalyzing the CO2 hydration reaction that becomes more prevalent at higher loadings where the 12 concentration of free amine is diminished.
13
To include the liquid side diffusion resistance in the experiment, the mass transfer coefficient of loading for MEA and A2P/AMP solutions containing 1 over respective baseline.
5
The effect of 1 on mass transfer was also examined for solutions of A2P/AMP (Figure 10a) , 6 although no significant enhancement was observed. The mass transfer of both the baseline and 7 solutions containing 1 are equal near α = 0.5 (Figure 10b ). This lack of activity in A2P/AMP is 8 inconsistent with the breakthrough data described in Figure 9 , but represents one of the difficulties 9 encountered in transitioning from highly controlled fundamental laboratory tests to more process 10 relevant testing approaches. While the breakthrough experiment lowers diffusion resistance in
11
order to isolate and analyze changes in the reaction resistance, the wetted-wall experiment 12 maximizes diffusion resistance to allow for the identification of the mass transfer coefficients (Kg).
13
By maximizing diffusion resistance in a kinetically slow, more viscous solvent such as the 14 A2P/AMP blend, it is not surprising that no enhancement is observed in the WWC from a catalyst In order to examine the stability of 1 toward degradation by NOx and SOx, pH drop experiments 1 were conducted in both capture solvents in the presence of 1000 ppm NOx, and SOx derived 2 products. These concentrations are considered to be in the operational range of an amine-based 3 capture process, 58 and no decrease in activity was observed (Figure 11a ). Experiments were also 4 conducted where solutions containing 1 were exposed to a large excess NOx gas, generated from 5 NaNO2 and H2SO4 (see experimental section 2.5), as well as with all contaminants combined 6 together. As shown in Figure 11b , negligible changes were observed in the pH drop testing,
7
suggesting that NOx and SOx derived components do not affect the ability of 1 to increase mass 8 transfer of the capture solutions. 
7
While the addition of 1 to the capture solutions had no effect on the solution viscosity and only correlation between the surface properties and capture efficiency in these solutions seems counter-
17
intuitive when compared to traditional models of mass transfer in these systems, however as other 18 recent work has shown, caution must be taken when predicting improvements based on fundamental and idealized laboratory testing methods, as counter-intuitive behavior was observed 1 upon the addition of surfactants to stirred-reactor experiments with a flat gas/liquid interface, 55 2 much like the wetted-wall experiments here. We previously concluded that although the addition 3 of surfactant lowers surface tension of the solution, it does not serve to promote bulk solvent 4 mixing on its own in these flat interface systems. The lack of bulk mixing is likely exacerbated in 5 the current wetted-wall experiments, due to the lack of mechanical mixing.
6
The lower rich loading of the A2P/AMP makes it an ideal candidate for addition of 1 and its 7 increased CO2 absorption properties to both increase the rich loading of the solvent and thereby 8 decrease the overall energy demand of the system. Upon addition of 1 to A2P/AMP, the energy 9 demand was reduced to 187 kJ/mol CO2, a 21% reduction. This reduced energy penalty was 10 achieved by decreasing the liquid flowrate from 150 mL/min down to 60 mL/min, while 11 maintaining 90% CO2 capture and increasing the stripper pressure to 180 kPaa ( Table 2 ). The The PC serves to free more of the main component, enabling it to react with CO2, and stabilizes 3 the bicarbonate anion at higher carbon loadings. This allows a more carbon rich solution to be 4 achieved. The pKa of this proton receiver (AMP) is 9.8, which is higher than that of A2P (9.2) 5 used in solvent. Therefore, the PC preferentially associates with the proton allowing more of the 6 main component to react with CO2. The reaction from the proton receiver to directly produce 7 bicarbonate is prohibitively slower (100x), as is carbamate hydrolysis. The constituents of the primary amine; PC -The constituents of the proton receiver/hindered 11 amine.
12
Complex 1 in this work was designed as a carbonic anhydrase (CA) mimic to catalyze CO2 13 hydration. Thus, it is expected to function similarly to CA's in directly catalyzing the reaction of 14 dissolved CO2 in solution to form bicarbonate and a proton. The proton is then trapped by the PC 15 component (Scheme 1) of the solvent, thereby enhancing the overall mass transfer and capacity.
16
Due to the nature of the solvent chemistry it can be expected that a greater benefit from the addition 17 of 1 will be observed at higher carbon loadings where CO2 hydration and bicarbonate formation 18 dominates the capture regime. solvent additive is required to be low enough so that it can be treated as a disposable material as it 4 will be removed from the capture system during the thermal solvent reclamation process.
5
Additionally, 1 contains a non-toxic 3d metal and is not expected to impart any hazardous waste 6 requirements onto the solvent for disposal. 
